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Abstract 
Carbon nanotubes and silica nanoparticles are allowed to self-assemble into a nanocomposite by first 
forming an aqueous suspension, then depositing one drop after the other and finally letting them 
evaporate. Two types of composites are prepared. One by forming alternate layers and the other by 
forming several layers of a pre-mixed suspension. The thickness, thermal and electrical conductivity 
of the composites are measured versus the number of depositions. The pre-mixed composites showed 
an increase in the values in both the parallel and perpendicular directions of both the electrical and 
thermal conductivities, making them suitable for electrodes or battery-like applications. The values 
of the electrical and thermal conductivities in the perpendicular direction for the first composite 
decrease and increase, respectively, while for the parallel direction the values are significantly 
constant. As such, they would be useful as electrical insulators for optimal cooling. Thickness 
measurements showed that the pre-mixed composite is the denser one, due to a better alignment of 
the carbon nanotubes.  
 




Self-assembly as a procedure is applied in many fields. Some examples can be found in the 
medical sector [1], the energy storage domain [2], the thin film industry for the development of 
transistors [3] or even in the technology of membrane fabrication [4]. For a proper self-assembly 
procedure, it is important to understand its mechanism and how the type of material and the way of 
preparation can influence the characteristics of the deposited material. This can be done by building 
nanoporous structures or by surface functionalization [5]. The goal of the procedure can be quite 
different: it can serve for depositing a suspension containing nanoparticles on a surface for the 
preparation of different kinds of coatings [6] or even for improving the initial adhesion of osteoblast-
like cells [7]. Other examples are cross reactive molecular markers recognition [8], liquid crystalline 
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pattern formation of DNA [9], humidity sensors [10] and gas sensors [11], to mention a few. Many 
of them rely on making depositions on substrates. Different types of deposition methods exist, such 
as dip coating, sedimentation, spray coating and electrostatic assembly, while convective deposition, 
and more particularly drop evaporation, is a convenient way to deposit micro- and nanoparticles [12]. 
The amount of fluid used is minimized, possibly inducing economic advantages, and the outcome 
can easily be controlled, by choosing initial parameters.   
The interest lies in creating patterned structures out of evaporating drops, which can be of use 
for energetic and medical applications. The deposited patterns that are left by the evaporated colloidal 
drops can present a multiplicity of structures, such as the ring structure, a central bump, a uniform 
deposit, or more complex structures such as multiple rings and hexagonal arrays [13-16]. This variety 
of patterns is a reflection of the multiscale attractive forces and transport phenomena taking place 
during the droplet evaporation and the effect they can have on the structure deposition of the 
substrate. This can have a large effect on the wettability of the substrate, as well as on the thermal 
and electrical properties. The effect of self-assembly on the wettability has been studied in a previous 
work [17]. Here we focus on characterizing the obtained structures for their morphology, electrical 
and thermal properties. 
Morphological, thermal and electrical properties have been the subject of many studies 
preparing self-assembled nanocomposites, each method having its advantage and issues to be solved. 
For instance, solution combustion synthesis (SCS) is a technique that is worldwide adopted for the 
fabrication of nanomaterials [18,19] due to its simplicity and time-effectiveness. However, this 
method still copes with the difficulty of controlling the final morphology and phase of the product 
[18]. Coordinative layer-by-layer-assembled films have been studied [20], which are prepared by 
combining electrostatic and coordinative interactions between organic and inorganic building blocks. 
In [21], it was shown that alternating the aforementioned interactions resulted into a controlled 
formation of multilayered films with a well-controlled nanometric thickness range of the layers. 
However, such a technique is not systematically applicable. In general, a variety of deposition 
techniques exist for the layer-by-layer assembling method, the dip-coating being the most widely 
used [22,23]. As an advantage, it is very simple to use, but it can be time-consuming. Other 
techniques rely on the inherent properties of the components that are to be assembled, such as 
hydrogen-bonded self-assembled composites [24]. In general, these techniques offer great 
possibilities, but the versatility and controllability of the methods remain to be improved. A rather 
new technique is to deposit subsequent evaporating drops containing the building blocks of the 
nanomaterial [17]. The advantage with respect to dip-coating is that an increase of temperature can 
increase considerably the speed of the procedure due to the controllable size of the droplet and a short 
injection time. Another advantage is the possibility to combine this method with other existing 
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methods, such as layer-by-layer deposition or functionalized/charged components. Finally, it is also 
possible to coat substrates with more complex geometries, without additional complications. Self-
assembly in evaporating mono-component nanofluid droplets has already been investigated and 
reasonably understood [25-29]. However, self-assembly by evaporating multiple nanofluid droplets 
at the same place, one after the other, is still an open field, especially when it concerns composites. 
Since such an investigation has not yet been studied much, it is the purpose of this paper to focus on 
the morphological, thermal and electrical properties as a function of the number of deposited droplets. 
The effect of the initial nanoparticle concentration on electrical properties as well as on the presence 
of the coffee ring have already been studied [17,30]. It appeared that too high concentrations resulted 
into the formation of coffee rings. In order to avoid the formation of a coffee ring, it would be better 
to make multiple depositions at lower initial nanoparticle concentration. Therefore, in order to 
understand the behavior of these properties, influenced by the content of the droplet, the study in this 
paper is limited to the effect of the number of deposited droplets and the droplets’ content. This 
understanding can then be used later for tailoring (in combination with other techniques or not) 
controlled thermal and electrical properties of nanocomposites. Besides, whilst often the thermal and 
electrical properties show the same behavior (which is linked in many cases), the method in this paper 
provides an easy way to propose nanocomposites of which such behavior can be surprising, as will 
be later shown.  
By using drop-by-drop evaporation, containing carbon nanotubes, we can deposit multiple self-
assembling layers of carbon nanotubes on a substrate. The way of deposition depends on the type of 
substrate, type of the nanoparticles and the evaporation process. This can lead to various forms and 
structures, depending on various physical phenomena, such as buoyancy, temperature effects, surface 
tension changes, colloidal forces and substrate-particle interactions. We use a 3 g/L aqueous solution 
of multi-walled carbon nanotubes (CNT), with an initial diameter around 5 nm, dispersed (with 
surfactants) in water. The second component consists out of an aqueous 0.3 g/L solution of silica 
nanoparticles (SiO2) with size less than 175 nm, also dispersed (with surfactants) in water. Two kinds 
of composites are prepared. One is prepared by depositing alternately CNTs and SiO2 nanoparticles. 
Another is obtained by depositing multiple droplets of beforehand prepared mixtures of CNTs and 
SiO2 nanoparticles. The characterization of the obtained functionalized surfaces is done by means of 
Scanning Electron Microscopy for the morphology and by the confocal probe method for measuring 
the thickness of the obtained deposited nanomaterials. The latter is necessary in order to measure the 






2.1 Multi-drop setup and self-assembly process 
It is the purpose of our drop-deposition experiment to deposit droplets that contain nanomaterial and 
let them evaporate at room temperature at ambient humidity (60 % humidity) for seven hours. This 
duration was needed not so much to evaporate the droplet as such, but, since the deposited 
nanomaterial creates a nano-porous network, to allow the water held back in the pores by capillary 
forces to be evacuated. The nanomaterial in this work is either composed out of CNTs, SiO2 
nanoparticles or a mixture thereof. The 3 g/L aqueous 5 nm multi-walled CNT dispersion has been 
supplied by Nanocyl and the 0.3 g/L aqueous 175 nm SiO2 has been supplied by Bangs-Laboratories. 
The CNT solutions are kept in homogeneous dispersion by the presence of anionic surfactants, which 
guarantee a long-lasting stable homogeneous aqueous dispersion of the CNTs. As for the SiO2 
solutions, they are found to remain in a stable homogeneous aqueous dispersion due to Si-OH surface 
groups. As recommended by the fabricants, the aqueous solutions are sonicated before depositing the 
droplets. The deposited droplet that commence to evaporate triggers convection. The nanomaterial 
will move along the flow patterns and, after evaporation, settle on the substrate, which creates a 
covered substrate. Drop-by-drop deposition has been studied previously [17], but using only CNTs. 
In this work, we not only continue to deposit another droplet on the same spot, but create also 
composite nanostructures. We also measure the electrical and thermal conductivities of the deposited 
nanomaterials in both the parallel and perpendicular directions with respect to the substrate. Table 1 
indicates the cases considered in this work. Figure 1 shows the experimental setup. 
 
Table 1: Cases considered in this work with the respective compositions  
Case Composition 
1 3g/L CNT 
2 0.3 g/L SiO2 
3 3 g/L CNT / 0.3 g/L SiO2 alternatively 





Figure 1: Picture of the multi-drop experimental setup  
 
The position of the droplet is controlled by a motor with a precision of 0.01 mm. Each droplet 
is deposited by a syringe on a spot that is delimited by a groove, which creates pinning conditions. 
This results into 40 µl droplets with a diameter of 12 mm. The pinning behavior created by the 
grooves allow avoiding uncontrolled spreading of the nanofluid droplets, guaranteeing approximately 
the same spherical form (so that we can be sure that the obtained results are caused by the difference 
in the number of deposited drops) and assuring the ability to concentrate the nanomaterial on a small 
controlled surface to facilitate self-assembly. A camera, equipped with a detection software, is used 
to check the constant droplet size for all measurements (with a maximum deviation of 2 µl). The drop 
deposition setup has been developed in the lab and is made of a bi-dimensional translation stage 
(Moons STM17S-1AE) and a home-made double syringe pump using the same motorized stages. 
The software drives automatically the setup and acquires images of the drop after each deposition 
(camera JAI BM-500GE) to control the volume of the drop. The drying time was set to 7 hours. 
 
Schematically, the procedure is as follows:  
(a) we deposit a certain number of droplets next to each other;  
(b) after evaporation, the nanomaterial sticks to the polycarbonate substrate; we add another droplet, 
except for the first spot;  
(c) after evaporation, a thicker deposition is obtained on the second and subsequent spots; we add 
again another droplet, except for the first two spots;  















(e) this can then be repeated as much as wanted, which results into a series of incremental number of 
deposited drops from the first to the last spot.  
 
2.2 Measurements 
2.2.1 Characterization of particle and self-assembly morphology 
The obtained structures are visualized by means of Scanning Electron Microscopy (SEM). The 
Scanning Electron Microscope (a Hitachi SU-70 FEG SEM with a Schottky field emitter operating 
at 0.5 to 30 kV and high current (>150 nA) for analytical applications) is used to visualize the 
structuration of the deposited nanomaterials in order to assess the way self-assembly has occurred. 
In order to be able to do this, it is necessary to take a look inside the bulk nanomaterial. Separate 
prepared deposition spots have been prepared by gold sputter-coating. After self-assembly, the spots 
on which the nanomaterials have been deposited, are submerged in a resin that is then let to harden. 
The whole is cut into two halves in the perpendicular direction with respect to the substrate, allowing 
to see the structure from within. The obtained samples are then placed on a graphite support into a 
specimen chamber before reproducing the images. 
 
2.2.2 Electrical conductivity 
The electrical conductivity is measured for the deposited nanomaterial in both the parallel (parallel 
electrical conductivity) and perpendicular (perpendicular electrical conductivity) directions, via the 
sheet resistance and the bulk resistance, respectively. As for the sheet resistance, Fig. 2 illustrates the 
principal coupling scheme for the two-point resistance-measuring method. 
 
 
Figure 2: Principle coupling scheme for two-point sheet resistance measurement setup. 
 
The two-point probe consists of a current source, 𝑈, with current, 𝐼, measured by an ampere meter, 
𝐴. Although a four-point probe would be more precise [31], the purpose of this paper being the 
assessment of the influence of the deposition method and quantity as well as the composite type on 
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the electrical and thermal conductivities, the two-point probe method is deemed to be sufficient. By 
passing a current through the two probes, the voltage, 𝑉, is measured across those probes that are in 








,           (1) 
 
where the ∥ sign indicates that the measurement is performed in the parallel direction with respect to 
the substrate.  
The bulk resistance is measured by mounting two electrodes at both sides of the deposited 
nanomaterial. The bottom electrode is placed in a hole under the deposition spot, before the 
deposition is performed. The upper electrode is put on the nanomaterial sample. The bulk resistance 
is then measured by a simple voltage measurement caused by an induced current as Fig. 3 shows. 
 
 
Figure 3: Principle scheme for the bulk resistance measurement. 
 







,           (2) 
 
where the ⊥ sign indicates that the measurement is performed in the perpendicular direction with 
respect to the substrate. From the sheet and bulk resistances we can calculate the sheet and bulk 
resistivity’s by multiplying by the surface to length ratio along the electrical current path [32]. While 
for the perpendicular resistivity, this is obvious, for the parallel one, the surface changes along the 
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current path (as it concerns a circular spot). Therefore, for the parallel resistivity, an average surface 
(along the radial angle of the circle) is calculated. The electrical conductivities are simply the 
reciprocates of the resistivity’s and, knowing the thickness of the nanomaterial test sample, the 









                      (4) 
 
where  𝑠௠ and 𝛿௠ are the radius of the electrodes (see Fig. 3) and the thickness of the nanomaterial 
sample, respectively. Here, we should note that Eqs. (3) and (4) are defined for ideal situations where 
the current would pass directly from one electrode to another, without being hindered by any 
obstacles. In reality, this is not the case and the real values of the electrical conductivities would be 
somewhat different. Nonetheless, Eqs. (3) and (4) still give the correct order of magnitude of the 
electrical conductivities. This is justified by noting that the purpose of this paper is to investigate how 
such an easy-to-use procedure can prepare different composites (with the same components) that 
could have completely different behaviors. Therefore, values of the electrical conductivities that 
reflect the correct order of magnitude are sufficient. The values for CNT and SiO2 (considered as the 
reference) will later be compared to typical values from the literature, where it will be shown that we 
obtain indeed the same order of magnitude for the perpendicular and parallel electrical conductivities. 
 
2.2.3 Thermal conductivity 
The thermal conductivity is measured along the parallel direction (parallel thermal conductivity) and 
along the perpendicular direction, (perpendicular thermal conductivity), in analogy with the electrical 
conductivity. Using Fourier’s law, the thermal conductivity can be calculated as 
 
𝜆 = − 𝒒
డ்/డ௫
                      (5) 
 
where 𝒒 is an imposed, known, heat flux (per unit surface) and 𝜕𝑇/𝜕𝑥 is the temperature gradient in 
the direction of the imposed heat flux. The heat flux is approximated by ∆𝑇/𝑋. Here, 𝑋 = 𝛿௠ is the 
thickness of the deposited nanomaterial for the thermal conductivity in the perpendicular direction 
while in the parallel direction, 𝑋 = 2𝑟௠ is the diameter of the deposited nanomaterial for the thermal 
conductivity. The temperature difference is measured across the corresponding direction, 𝑋 , by 
9 
means of thermocouples that are put on the same places as the electrodes in the previous subsection. 
The thermocouples are connected to an Agilent Data Logger. The same comment can be made as for 
the electrical conductivity. In reality, the gradient in Eq. (5) is not a straightforward overall vector, 
but rather a local vector that can be different as one goes from one thermocouple to the other. 
Nonetheless, approximating this local gradient as increments of local temperature differences, one 
may extend this approximation and express it as an overall temperature difference across the distance 
between thermocouples. This would give a correct order of magnitude for the thermal conductivity, 
which is sufficient for the purposes of this work, as is explained for the electrical conductivity.  A 
comparison between the results in this work and the values from the literature will later show that the 
same order of magnitude is obtained in this work for both the perpendicular and parallel thermal 
conductivities. 
 
2.2.4 Thickness of deposited layer 
As has been mentioned earlier, the thickness of the deposited nanomaterial is crucial in order to 
calculate the electrical and thermal conductivity. For this purpose, we used a one-dimensional 
confocal probe, with which we measured the thickness on several places across the deposition. The 
optical confocal system for the measurement of the film thickness has been developed in [33]. The 
thickness is measured locally on three spots where the electrical and thermal conductivities are 
measured.  
 
3. Results and discussion 
3.1 Ways of assembly and the consequences 
The electrical and thermal conductivities of the samples investigated in this work will mainly depend 
on two observations, i.e. the density of the structure and the alignment of the CNTs. The density of 
the structure reflects on the contact of the CNTs between themselves and their interaction with SiO2, 
which influences the “easiness” of conduction. One way of assessing the density of the structure is 
to measure the thickness of the depositions as a function of the number of deposited drops. Since 
each deposited layer is of equal mass, and the diameter of the depositions is fixed, the thickness will 
tell something about the density. Note that this method is more reliable if no or nearly no coffee ring 
would be formed and if the dispersion is homogeneous, which is indeed confirmed in Section 2.1. In 
this work, it is observed that the coffee ring had little importance, which justifies even more using a 
multiple deposition method at lower concentrations instead of one deposition at a higher 
concentration. Fig. 4 shows the measured thickness of Cases 1, 3 and 4 (Case 2 is not shown, since 
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it is not considered in the majority of the results) as a function of the number of deposited drops. The 
deviation from the average value is around 15%. 
 
 
Figure 4: Thickness of deposited nanomaterial as a function of the number of deposited drops for 
Cases 1, 3 and 4. Case 2 is not shown, since it is not considered in the majority of the results. 
 
Fig. 4 shows that the layer-by-layer composite has a thickness that increases more than that of the 
CNTs as a function of the number of deposited droplets. Each “composite layer” for Case 3 is 
comprised out of one CNT layer upon which one (partially covering) SiO2 layer is deposited. So, the 
CNT layers for Case 3 have the same structure density as that for pure CNT. Only the additional SiO2 
layers will cause the thickness to increase more for Case 3 than for pure CNT. For the pre-mixed 
composite, we can see that it has a thickness that increases less than that of the CNTs as a function 
of the number of deposited droplets. This would suggest that a denser structure is obtained for Case 
4, which can be explained by a better alignment of CNTs. In general, a composite structure that 
becomes denser than the CNT structure, would lead to a relative increase of the electrical and thermal 
conductivities with respect to its initial value. 
As for the alignment of the CNTs, this should be visualized by SEM images. In general, as the degree 
of alignment of CNTs is higher, the electrical and thermal conductivities should increase in the axial 
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3.2 Morphology and characterization 
Fig. 5 shows SEM images for CNT and SiO2 structures, in order to appreciate the deposition 
structures of the two basis components, so that the formation of the composites is better understood. 
 
       
        
Figure 5: SEM  top-view images of (a) 6 deposited CNTs 3g/L suspensions, (b) 6 deposited SiO2 0.3 
g/L suspensions, (c) 1 deposited SiO2 0.3 g/L suspensions on 6 deposited CNTs 3 g/L suspension 
and (d) a zoom thereof. The scales are put under each image. 
 
Fig. 5(a) shows that the CNTs are directed chaotically (isotropic state), forming at the same time a 
nanoporous structure. However, not much CNTs seem to be directed perpendicular to the image. This 
means that another deposited layer of CNTs will most probably not insert into the underlying one. 
Fig. 5(b) shows a pure SiO2 deposition, where it can be seen that some voids are present in between 
the spherical SiO2 nanoparticles. This is important when SiO2 will be used together with CNTs, 
discussed later in the paper. Figs. 5(c)-(d) show a deposition of one SiO2 layer on a CNT deposited 
layer, in order to have an idea of the size differences of the basic components. We can see that the 




that when the SiO2 nanoparticles are deposited on an existing CNT layer, they will most probably 
not enter into the nanopores. Figs. 6 and 7 show SEM images for the composites (Cases 3 and 4).  
 
Figure 6: SEM side-view images (of a cut half) of (a) 6 deposited suspensions of Case 3 (the scale 
is put under it), (b) a zoom of an interfacial area between a carbon nanotube layer and a SiO2 layer 
and (c) another zoom showing the CNT endings 
 
              
Figure 7: SEM side-view images (of a cut half) of (a) 6 deposited suspensions of Case 4 (the scale 
is put under it) and (b) a zoom of an area showing the SiO2 agglomerates (white spots) dispersed in 
the CNTs.  
 
Fig. 6(a) shows a SEM image of the layer-by-layer composite (Case3). Before discussing this image, 
we notice that cracks (black regions) are visible between the layers. It is worth mentioning that these 
cracks are the result of the pressure exerted by the resin for the SEM images and mechanical stresses 
caused by cutting the deposition spots in half. As such, they are not the result of any process during 
the deposition. Moving on, we can see that several layers are clearly visible: the dark layers are the 

















in a zoom in Fig. 6(b). Note that the white points in Fig. 6(b) are not SiO2 particles, but rather CNT 
endings resulting from the cut, better visible in Fig. 6(c). Fig. 7(a) shows a SEM image of a pre-
mixed composite layer (Case 4). No separate layers are visible, but rather there is one overall layer 
with white spots, better visible in Fig. 7(b). In order to distinguish between CNT endings and SiO2 
nanoparticles, Fig. 7(c) shows a zoom of Fig. 7(b). It is also interesting to compare Fig. 7(c) to Fig. 
5(d). Let us emphasize that Fig. 7(c) is a side-view of the internal structure of Case 4 and Fig. 5(d) is 
a top-view of a layer of SiO2 nanoparticles on a CNT layer. As such, the comparison of Figs. 7(c) 
and 5(d), allows comparing the layer-by-layer CNT-SiO2 composites to the pre-mixed ones, i.e. 
Cases 3 and 4. We can see that, in contrast to Fig. 5(d), where the SiO2 nanoparticles are not englobed 
by the CNTs, the SiO2 nanoparticle seems to be nestled within the CNT network in Fig. 7(c). Finally, 
for the pre-mixed case, Fig. 7(c) shows that the CNTs get aligned around the SiO2 nanoparticles. 
From the results we have, we cannot say in what direction this alignment is, but it can be safely 
assumed that statistically it could occur in both the parallel and perpendicular directions. The 
difference with the pure CNT isotropic structure is that in Case 4, close to the SiO2 particles, the 
CNTs are aligned. Depending on the direction of this alignment, the CNTs can penetrate into the 
underlying layers as well as in the parallel direction, which would create a denser structure in both 
directions. This density of the structure increases with the addition of more deposited droplets, so 
that the overall density of the deposited composite increases more than pure CNT. This explains the 
less pronounced increase of the thickness of the pre-mixed CNT-SiO2 composite as a function of the 
number of deposited droplets with respect to pure CNT (as shown in Fig. 4). This is of importance 
when discussing the conductivities. The strong interaction between the silica nanoparticles (recalling 
the Si-OH surface groups) and the CNTs is evidenced to stem from hydrogen-bonding [34]. 
 
3.3 Electrical conductivity 
The electrical conductivities in both the parallel and perpendicular directions are measured. The 
probe is placed such that the outer-electrodes are at equidistance from the border of the deposition 
spots and the measurements are repeated twice. An average value is calculated with an error around 
15%. Fig. 8 shows the perpendicular electrical conductivity. Since the electrical conductivities of 





Figure 8: Perpendicular electrical conductivity as a function of the number of deposited drops for 
Cases 1, 3 and 4. Case 2 is not shown, because of its out-of-range low value. 
 
Fig. 8 shows that as the number of deposited drops increases, the perpendicular electrical conductivity 
does not show a clear trend for CNT and can be considered as constant. Note that the absolute values 
of the perpendicular electrical conductivity are rather small. This can be understood by mentioning 
that the CNTs are mainly aligned in the parallel direction and it is well known that the radial electrical 
conductivity of the CNT’s (in this paper this would correspond to the parallel direction) is rather low, 
being of the order of 100 S/m [35]. Moreover, the created porous structure also causes the air in the 
pores to act as an insulator. Therefore, the values we obtained in this work are of 1 order of magnitude 
smaller. Knowing this, it is interesting to discuss the tendencies. The layer-by-layer composite has a 
perpendicular electrical conductivity that decreases starting from a value lower than that of CNT as 
the number of deposited drops increases. The first layer composite of Case 3 has one layer of SiO2. 
Although the SiO2 is acting as an insulator, it is much smaller than the layer of CNT and it does not 
cover the surface entirely, leaving enough spots for the CNT, as is shown in Fig. 9. Therefore, an 
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Figure 9: SEM image of the surface of a SiO2 layer deposited on a CNT layer, corresponding to one 
layer for Case 3.  
 
Note that such a configuration is only possible for sufficiently low initial SiO2 concentrations. The 
purpose of such low concentrations serve as a way to influence the perpendicular properties, whilst 
altering the parallel ones as little as possible for the layer-by-layer composites. The results in Figs. 8, 
10-12 confirm this, as shown later. For higher concentrations, the SiO2 layer would cover up the 
whole surface, with a dramatic decrease in the electrical conductivity as result. The perpendicular 
electrical conductivity is of the same order of magnitude as that of CNT, but slightly lower, for all 
the reasons mentioned above. However, as the number of layers increases, more SiO2 layers act as 
barriers for the electrons and its insulating impact becomes important, which results into a decrease 
of the electrical conductivity. This happens even after 3 deposited drops, as Fig. 8 shows. For the 
pre-mixed composite, an opposite tendency is observed. At one deposited drop, the perpendicular 
electrical conductivity is the lowest of the Cases considered in Fig. 8. This can be explained by 
considering that for the SiO2 particles, being well dispersed (see Fig.  7(b)), the contact surface 
between the CNT and the SiO2 is much larger than for the layer-by-layer case, so that the insulating 
property plays a more important role. However, as the number of deposited drops increase, the 
alignment of the CNTs around the SiO2 nanoparticles cause the CNTs to penetrate into the underlying 
layers as well as parallel to the layer (as was mentioned when discussing the SEM images). Therefore, 
from the results we can argue that the structure becomes denser (backed up by the thickness 
measurements in Fig. 4), caused by a locally higher degree of alignment. This kind of behaviour was 
also observed for the alignment of graphene in bulk cupper [36]. Moreover, a recent study showed 
that CNTs could be aligned by adding ZnO nanoparticles, which formed a chemical bond with the 
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CNTs, enforcing mechanical properties as well [37]. Although the SiO2 nanoparticles have the 
tendency to reduce the electrical conductivity, this seems to be sufficiently compensated by the 
increasing CNT network density and efficiency due to alignment. Such behavior was also observed 
in [37]. The difference with our work is that in [37] a chemical bond was created by heating up to 
480 °C, while in our paper a rather strong hydrogen-bonding is the cause for the alignment. The result 
is that the perpendicular electrical conductivity increases for the pre-mixed composite. We can 
imagine that after depositing more drops, the density attains a maximum value and the electrical 
conductivity stops increasing. 
Fig. 10 shows the parallel electrical conductivity. The measurements are repeated twice and an 
average value is calculated with an error around 5%. For the same reasons mentioned in the case of 




Figure 10: Parallel electrical conductivity as a function of the number of deposited drops for Cases 
1, 3 and 4. Case 2 is not shown, because of its out-of-range low value. 
 
First of all, we see that the values of the parallel electrical conductivity are several orders of 
magnitude larger than the perpendicular electrical conductivity. It is known that the axial electrical 
conductivity of CNT depositions (in this paper, this would be in the parallel direction) is much larger, 
~2*103-106 S/m [38]. The values obtained in this paper for CNT (with a maximum value around 4400 
S/m) are around the lower limits of what is found in the literature, which is explained by the non-
uniform overall alignment. Nevertheless, the order of magnitude found in this work stays reasonably 
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the parallel electrical conductivity is not clear so that we consider it as significantly constant over the 
range of deposited drops. The composite has perhaps a slightly lower parallel electrical conductivity 
than CNT has. For the layer-by-layer composite, the electrical current can pass nearly unhindered 
through the CNT network in between the SiO2 layers. Since the latter layers are much smaller than 
those of CNT, their effect is almost negligible, being only expressed in a seemingly slightly lower 
parallel electrical conductivity. The parallel electrical conductivity of the pre-mixed composite, 
however, increases by increasing the number of deposited drops. This is for the same reasons as for 
the perpendicular electrical conductivity for this composite. As the number of deposited drops 
increases, the density of the composite increases, due to the alignment of the CNTs around the SiO2 
nanoparticles. This is visualized by the SEM images, where we can add that the isolating role of the 
SiO2 nanoparticles becomes then compensated until the pre-mixed composite attains the same order 
of magnitude as for pure unaligned CNT. 
 
3.4 Thermal conductivity  
Fig. 11 shows the perpendicular thermal conductivity. Since, in this unique case, the values for SiO2 
is of the same order of magnitude as for the other nanomaterials, they are shown. 
  
 
Figure 11: Perpendicular thermal conductivity as a function of the number of deposited drops for 
Cases 1 to 4. 
 
Fig. 11 shows that the perpendicular thermal conductivity of SiO2 remains approximately constant, 
while that of CNT shows a rather scattered pattern, so that we cannot discern any clear trend. Note 
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or at most 1 order of magnitude smaller, due to porosity (air in the porous voids acting as an insulator). 
The composites, however, show a steady increase in the perpendicular thermal conductivity as a 
function of the number of deposited drops. SiO2 has a thermal conductivity of the same order of 
magnitude (100 W/Km [39]) as that of the CNT (~1.5 W/Km [40]) in the parallel direction. Since, as 
it has been mentioned earlier, the density of the CNT structure in Case 3 does not change, the 
perpendicular thermal conductivity should not change either. However, due to the porosity, the 
thermal conductivity is lower than that of a CNT (1 order of magnitude lower, as is mentioned above), 
so that adding SiO2 layers (having a thermal conductivity of 1 order of magnitude higher) will only 
increase the perpendicular thermal conductivity. As for Case 4, we can say that the increase of the 
thermal conductivity is mainly due to a higher density of the CNT network, without an insulating 




Figure 12: Parallel thermal conductivity as a function of the number of deposited drops for Cases 1, 
3 and 4. Case 2 is not shown, because of its out-of-range low value. 
 
The parallel thermal conductivity is again much larger than the perpendicular one, which is also well 
known. Although values up to 6600 W/Km have been reported [41], the typical values reported 
extensively in the literature are lower, e.g. 1300 W/Km [42] or anywhere in between 300 and 3000 
W/Km [43]. We can say that the values for CNT in Fig. 12, with a maximum around 1000 W/Km, 
are nicely within the range of the reported values. Fig. 12 does not show a clear tendency of the 
parallel thermal conductivity for CNT and the layer-by-layer composite. It seems that the values are 
constant as a function of the number of deposited drops. We can understand this by noticing that the 
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number of depositions (in line with the findings for the constant parallel electrical conductivity). 
However, the pre-mixed composite has shown to render the whole layer denser by increasing the 
number of deposited drops. This assures a better contact between the CNT and the SiO2 nanoparticles, 
which results into a higher parallel thermal conductivity.  
 
4. Discussion and Conclusions 
In this work, water droplets containing CNTs, SiO2 nanoparticles and two types of composites are 
each evaporated on a polycarbonate substrate in order to form different self-assembled structures. 
The two types of composites considered in this work are as follows. The first is a composite prepared 
by depositing alternately a layer of CNTs and SiO2 nanoparticles. The second is a composite prepared 
by depositing a pre-mixed droplet containing CNTs and SiO2 nanoparticles. The morphology of the 
nanomaterials is characterized by scanning electron microscopy (SEM). The one-dimensional 
confocal probe method is used to measure the thickness of the layers. This has shown that the density 
of the created pre-mixed composites increases more than that of the CNT, while it increases less for 
the layer-by-layer one. The electrical and thermal conductivities have been measured both in the 
perpendicular and parallel direction with respect to the substrate. It is interesting to combine these 
results into the same discussion. We have observed that the number of CNT-laden deposited drops 
hardly affects the values of both the electrical and thermal conductivity for both the perpendicular 
and parallel directions. As for the layer-by-layer composite, it appeared that the values in the parallel 
direction for both the electrical and thermal conductivities hardly changes. However, the values in 
the perpendicular direction showed opposite trends. For a higher number of deposited drops, it was 
shown that the perpendicular electrical conductivity decreases while that of the perpendicular thermal 
conductivity increases. This makes such a material interesting for electrical insulators, where one 
would like to dissipate generated heat rather quickly in order to keep the electrical device cool and 
electrically efficient at the same time. The pre-mixed composite showed an increase of the values in 
both the perpendicular and parallel directions for both the electrical and thermal conductivities. This 
could be of use for battery-like or electrode-like applications. Here one would obviously like to have 
a higher electrical conductivity, but also a higher thermal conductivity in order to avoid hot spots. 
The proposed method in this work is of little cost and hardly energy-consuming. With respect to the 
often-used dip-coating method, the procedure in this work contributes to a better control of depositing 
pre-mixed solutions. This resulted into silica-induced CNT alignment with a higher density network, 
improving considerably the thermal and electrical properties in the aligned direction. This work 
shows that a simple and low-cost procedure is capable of preparing composites out of the same 
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